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VIBRATORY GYROSCOPE WITH PARASITIC 
MODE DAMPING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is related to the following co-pending 
patent applications, Which are both incorporated by reference 
herein: 
US. patent application Ser. No. 11/371,596, ?led on Mar. 

9, 2006, and entitled “ISOLATED PLANAR GYROSCOPE 
WITH INTERNAL RADIAL SENSING AND ACTUA 
TION”, by Kirill V. Shcheglov et al., published as US. 2006/ 
0162146A1; and 
US. patent application Ser. No. 11/199,004, ?led Aug. 8, 

2005, and entitled “INTEGRAL RESONATOR GYRO 
SCOPE”, by Kirill V. Shcheglov et al., published as US. 
2005/0274183A1. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to gyroscopes, and in particu 

lar to planar resonator gyroscopes or inertial sensors and their 
operation. More particularly, this invention relates to the con 
trol and damping of isolated planar resonator inertial sensors 
and gyroscopes. 

2. Description of the Related Art 
Mechanical gyroscopes are used to determine direction of 

a moving platform based upon the sensed inertial reaction of 
an internally moving proof mass. A typical electromechanical 
gyroscope comprises a suspended proof mass, gyroscope 
case, pickoffs, torquers and readout electronics. The inertial 
proof mass is internally suspended from the gyroscope case 
that is rigidly mounted to the platform and communicates the 
inertial motion of the platform While otherWise isolating the 
proof mass from external disturbances. The pickoffs to sense 
the internal motion of the proof mass, the torquers to maintain 
or adjust this motion and the readout electronics that must be 
in close proximity to the proof mass are internally mounted to 
the case Which also provides the electrical feedthrough con 
nections to the platform electronics and poWer supply. The 
case also provides a standard mechanical interface to attach 
and align the gyroscope With the vehicle platform. In various 
forms gyroscopes are often employed as a critical sensor for 
vehicles such as aircraft and spacecraft. They are generally 
useful for navigation or Whenever it is necessary to autono 
mously determine the orientation of a free object. 

Older conventional mechanical gyroscopes Were very 
heavy mechanisms by current standards, employing rela 
tively large spinning masses. A number ofrecent technologies 
have brought neW forms of gyroscopes, including optical 
gyroscopes such as laser gyroscopes and ?beroptic gyro 
scopes as Well as mechanical vibratory gyroscopes. 

Spacecraft generally depend on inertial rate sensing equip 
ment to supplement attitude control. Currently this is often 
performed With expensive conventional spinning mass gyros 
(e. g., a Kearfott inertial reference unit) or conventionally 
machined vibratory gyroscopes (eg a Litton hemispherical 
resonator gyro scope inertial reference unit). HoWever, both of 
these are very expensive, large and heavy. 

In addition, although some prior symmetric vibratory 
gyro scopes have been produced, their vibratory momentum is 
transferred through the case directly to the vehicle platform. 
This transfer or coupling admits external disturbances and 
energy loss indistinguishable from inertial rate input and 
hence leads to sensing errors and drift. One example of such 
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2 
a vibratory gyroscope may be found in US. Pat. No. 5,894, 
090 to Tang et al. Which describes a symmetric cloverleaf 
vibratory gyroscope design and is hereby incorporated by 
reference herein. Other planar tuning fork gyroscopes may 
achieve a degree of isolation of the vibration from the base 
plate, hoWever these gyroscopes lack the vibrational symme 
try desirable for tuned operation. 

In addition, shell mode gyroscopes, such as the hemi 
spherical resonator gyroscope and the vibrating thin ring 
gyroscope, are knoWn to have some desirable isolation and 
vibrational symmetry attributes. HoWever, these designs are 
not suitable for or have signi?cant limitations With thin planar 
silicon microfabrication. The hemispherical resonator 
employs the extensive cylindrical sides of the hemisphere for 
sensitive electrostatic sensors and effective actuators. HoW 
ever its high aspect ratio and three-dimensional curved geom 
etry is unsuitable for inexpensive thin planar silicon micro 
fabrication. The thin ring gyroscope (e.g., US. Pat. No. 
6,282,958, Which is incorporated by reference herein) While 
suitable for planar silicon microfabrication, lacks electro 
static sensors and actuators that take advantage of the exten 
sive planar area of the device. Moreover, the case for this 
gyroscope is not of the same material as the resonator proof 
mass so that the alignment of the pickoffs and torquers rela 
tive to the resonator proof mass change With temperature, 
resulting in gyroscope drift. 

Vibration isolation using a loW-frequency seismic support 
of the case or of the resonator, internal to the case is also 
knoWn (e.g., US. Pat. No. 6,009,751, Which is incorporated 
by reference herein). HoWever such increased isolation 
comes at the expense of proportionately heavier seismic mass 
and/or loWer support frequency. Both effects are undesirable 
for compact tactical inertial measurement unit (IMU) appli 
cations because of proof mass misalignment under accelera 
tion conditions. 

Furthermore, the scale of previous silicon microgyro 
scopes (e.g., US. Pat. No. 5,894,090) can not been optimiZed 
for navigation or pointing performance resulting in higher 
noise and drift than desired. This problem stems from depen 
dence on out of plane bending of thin epitaxially groWn 
silicon ?exures to de?ne critical vibration frequencies that are 
limited to 0.1% thickness accuracy. Consequently device 
siZes are limited to a feW millimeters. Such designs exhibit 
high drift due to vibrational asymmetry or unbalance and high 
rate noise due to loWer mass Which increases thermal 
mechanical noise and loWer capacitance sensor area Which 
increases rate errors due to sensor electronics noise. 

Scaling up of non-isolated silicon microgyros is also prob 
lematic because external energy losses Will increase With no 
improvement in resonator Q and no reduction in case-sensi 
tive drift. An isolated cm-scale resonator With many orders of 
magnitude improvement in three-dimensional manufacturing 
precision is required for very loW noise pointing or navigation 
performance. 

Conventionally machined navigation grade resonators 
such as quartZ hemispherical or shell gyros have the optimum 
noise and drift performance at large scale, eg 30 mm and 
three-dimensional manufacturing precision, hoWever such 
gyros are expensive and sloW to manufacture. Microma 
chined silicon vibratory gyroscopes have loWer losses and 
better drift performance at smaller scale but pickoff noise 
increases and mechanical precision decreases at smaller scale 
so there are limits to scaling doWn With conventional silicon 
designs. Conventional laser trimming of mechanical resona 
tors can further improve manufacturing precision to some 
degree. HoWever this process is not suitable for microgyros 
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With narrow mechanical gaps and has limited resolution, 
necessitating larger electrostatic bias adjustments in the ?nal 
tuning process. 

Most recently, some planar resonator gyroscopes devices 
have been developed (such as a disc resonator gyroscope) 
Which operate through the excitation and sensing of in-plane 
vibrational modes of a substantially solid planar resonator. 
These planar resonators obtain enhanced properties over 
designs such as the hemispherical or shell resonators by 
enabling greater drive and sensing area in a compact package 
that is more easily manufactured and packaged. For example, 
see US. Pat. No. 6,944,931 by Shcheglov et al., issued Sep. 
20, 2005 and entitled “INTEGRAL RESONATOR GYRO 
SCOPE” and US. Pat. No. 7,043,163 by Shcheglov et al., 
issued May 9, 2006 and entitled “ISOLATED PLANAR 
GYROSCOPE WITH INTERNAL RADIAL SENSING 
AND ACTUATION.” 

In vieW of the foregoing, there is a need in the art for small, 
inexpensive, manufacturable planar gyroscopes With greatly 
improved performance for navigation and spacecraft payload 
pointing and other applications. To this end, there is also a 
need for systems and methods to operate such gyros to 
enhance their performance. As detailed beloW, the present 
invention satis?es these and other needs. 

SUMMARY OF THE INVENTION 

Operation of a planar resonator gyroscope to obtain 
improved performance is disclosed. High quality planar reso 
nators have an isolated degenerate vibratory mode pair, or 
differential mode pair used for inertial rate sensing and other 
parasitic vibratory modes that may become excited and pro 
duce rate sensing errors. A planar resonator gyroscope, such 
as a disc resonator gyroscope, having a resonator With exten 
sive vertical and horiZontal surfaces to for capacitive elec 
trodes may be operated to actively damp one or more parasitic 
in-plane or out-of-plane modes of vibration. The electrodes 
are arranged in distinct sets of drive and sense electrodes 
adjacent to the resonator at antinodes of the parasitic mode. 
For the loWest frequency in-plane parasitic mode, or common 
mode, an electrode set may comprise an opposing pair on 
opposite sides of a central mounting point of the resonator. 
One electrode of the pair is thereby adjacent say a positive 
antinode of the common mode While the second electrode of 
the pair is adjacent a negative antinode. The in-plane differ 
ential mode used for rate sensing may have antinodes adja 
cent each electrode hoWever they are alWays of the same 
polarity. A drive differential signal is applied to an opposing 
pair of drive electrodes and a sense differential signal is 
determined betWeen an opposing pair of the sense electrodes. 
Differential signals With respect to the common mode are thus 
preferably used to operate the gyroscope to actively damp the 
parasitic common mode so that there is no damping or dis 
turbance of the tWo differential modes of vibration used for 
inertial rate sensing feedback control signals applied to the set 
of differential drive electrodes are based on the sense differ 
ential signal. Parasitic in-plane modes may be thus damped in 
operating the gyroscope With active damping applied through 
an analog operational ampli?er or digital feedback. 
A typical method embodiment of the invention comprising 

operating a planar resonator including the steps of sensing an 
amplitude of a parasitic vibration mode of a planar resonator 
With one or more sense electrodes of a plurality of capacitive 
electrodes adjacent to the planar resonator disposed proxi 
mate to one or more anti-nodes of the parasitic vibration mode 
of the planar resonator, generating a proportional voltage to 
the amplitude of the parasitic vibration mode, and damping 
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4 
the parasitic mode by applying a drive voltage generated from 
the proportional voltage to at least one or more drive elec 
trodes of the plurality of capacitive electrodes adjacent to the 
planar resonator disposed proximate to the one or more anti 
nodes of the parasitic vibration mode of the planar resonator. 
The planar resonator may comprise a disc resonator. Further, 
the disc resonator may comprise a centrally mounted and 
circumferentially slotted disc and the plurality of capacitive 
electrodes comprise embedded electrodes Within the disc 
resonator. The one or more sense electrodes may be disposed 
peripheral to the one or more drive electrodes around the disc 
resonator. Typically, the planar resonator is operated as a 
gyroscope to measure rotation of the planar resonator. Con 
trol of the resonator may be developed With the proportional 
voltage being generated With either an analog or a digital 
control circuit. The applying the drive voltage may comprise 
actively controlling a common mode position and velocity 
using Wideband DC capacitive sensing. 

In some embodiments, the one or more sense electrodes 

may comprise a plurality of partitioned sense electrodes to 
provide a differential sense signal to sense the amplitude of 
the parasitic vibration mode. In this case, the planar resonator 
may comprise a disc resonator having a central mounting 
point and the plurality of partitioned sense electrodes to sense 
the amplitude of the parasitic vibration mode are partitioned 
betWeen one or more inboard sense electrodes and one or 

more outboard sense electrodes. 

Similarly, a sensor embodiment of the invention may com 
prise a planar resonator and a plurality of capacitive elec 
trodes disposed adjacent to the planar resonator and proxi 
mate to one or more anti-nodes of the parasitic vibration mode 
of the planar resonator. The plurality of capacitive electrodes 
may include one or more sense electrodes for sensing an 

amplitude of a parasitic vibration mode of the planar resona 
tor. A sensing circuit is used for generating a proportional 
voltage to the amplitude of the parasitic vibration mode and a 
feedback controller is used for damping the parasitic mode by 
applying a drive voltage generated from the proportional 
voltage to at least one or more drive electrodes of the plurality 
of capacitive electrodes adjacent to the planar resonator dis 
posed proximate to the one or more anti-nodes of the parasitic 
vibration mode of the planar resonator. Sensor embodiments 
of the invention may be further modi?ed consistent With the 
method embodiments described herein for operating a planar 
resonator. 

A further embodiment of the present invention may com 
prise a method of operating a planar resonator, including the 
steps of partitioning at least one set of drive electrodes into an 
opposing drive pair on opposite sides of a central mounting 
point of a planar resonator, partitioning at least one set of 
sense electrodes into an opposing sense pair on opposite sides 
of a central mounting point of the planar resonator, determin 
ing a drive differential signal betWeen the opposing drive pair 
of the drive electrodes, determining a sense differential signal 
betWeen the opposing sense pair of the sense electrodes, and 
applying feedback control signals to the set of drive elec 
trodes based on the drive differential signal and the sense 
differential signal. The planar resonator may be a disc reso 
nator and may be operated as a gyroscope to measure rotation 
of the planar resonator. The electrodes selected for parasitic 
mode damping may be combined to yield sense and drive 
signals such that the differential modes or Coriolis modes 
used for rate sensing are neither observable nor controllable. 

Applying the feedback control signals to the set of drive 
electrodes may comprise actively damping at least one para 
sitic vibration mode of the planar resonator. Actively damp 
ing the at least one parasitic vibration mode of the planar 
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resonator may be applied With a proportional controller 
applied to the sense differential signal. For example, if the 
resonator motion is sensed With a pair of transimpedance 
ampli?ers connected to the embedded differential sense elec 
trodes then the output voltage difference signal is propor 
tional to resonator velocity and a ?xed negative feedback gain 
is used to form a voltage drive to the corresponding differen 
tial control electrodes. The proportional controller may be 
implemented With an analog or digital control circuit. 

In some embodiments a ?rst set of drive electrodes may be 
disposed along a ?rst axis of a ?rst vibration mode of the 
planar resonator and a ?rst set of sense electrodes disposed 
orthogonally to the ?rst axis. Applying the feedback control 
signals comprises driving and sensing the ?rst vibration 
mode. Further, a second set of drive electrodes may be dis 
posed along a second axis of a second vibration mode of the 
planar resonator and a second set of sense electrodes disposed 
orthogonally to the second axis. Applying the feedback con 
trol signals comprises driving and sensing the second vibra 
tion mode. 

In some embodiments, applying the feedback control sig 
nals may also comprise ?rst narroW-band ?ltering the signal 
around the parasitic mode frequency to prevent any distur 
bance to the Coriolis mode used for rate sensing due to unbal 
ance in the differential electrodes sensitive to the parasitic 
mode motion. Alternatively, one or more electrodes adjacent 
to the planar resonator at an antinode of a parasitic vibratory 
mode that are connected Without forming differential pairs to 
yield a signal proportional to antinode motion may suf?ce 
With narroW band ?ltering for controlling the planar resonator 
to actively damp the parasitic mode Without disturbing rate 
sensing. 
A planar resonator such as the disc resonator, having exten 

sive vertical and horiZontal surfaces, alloWs numerous other 
electrode arrangements to be used for active parasitic mode 
damping. For example, separate embedded electrodes adja 
cent vertical ring surfaces not used for rate sensing electrodes 
may be used for parasitic in-plane mode damping or elec 
trodes placed beneath or above the rings on the base or cap 
surfaces may be used for parasitic out-of-plane mode damp 
ing, such as the ?rst axial mode or the ?rst tWo rocking modes 
of the disc resonator. 

Similarly, another sensor embodiment of the invention 
comprises a planar resonator having at least one set of drive 
electrodes partitioned into an opposing drive pair on opposite 
sides of a central mounting point of a planar resonator and at 
least one set of sense electrodes partitioned into an opposing 
sense pair on opposite sides of a central mounting point of the 
planar resonator, and a control circuit for determining a drive 
differential signal betWeen the opposing drive pair of the 
drive electrodes, determining a sense differential signal 
betWeen the opposing sense pair of the sense electrodes, and 
applying feedback control signals to the set of drive elec 
trodes based on the sense differential signal. Further sensor 
embodiments of the invention may be further modi?ed con 
sistent With the method embodiments described herein for 
operating a planar resonator. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Referring noW to the draWings in Which like reference 
numbers represent corresponding parts throughout: 

FIG. 1A depicts a schematic top vieW of an isolated reso 
nator for the gyroscope or inertial sensor Which may be oper 
ated in accordance With an embodiment of the invention; 

FIG. 1B depicts a side vieW of the exemplary planar reso 
nator gyroscope of FIG. 1A; 
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6 
FIG. 1C illustrates a pattern for an exemplary planar reso 

nator structure operable With an embodiment of the present 
invention; 

FIG. 1D illustrates conventional electrode operation for a 
?rst differential mode of the exemplary resonator; 

FIG. 2A illustrates the principle of operation of an exem 
plary disc resonator gyroscope; 

FIG. 2B illustrates the ?rst in-plane, differential, degener 
ate vibratory mode of an exemplary disc resonator gyroscope; 

FIGS. 3A & 3B illustrate the ?rst tWo in-plane, common, 
degenerate vibration modes With center of mass motion; 

FIGS. 4A & 4B illustrate the ?rst tWo in-plane, differential, 
degenerate vibration modes With no center of mass motion; 

FIG. 5 illustrates a model With sense and control electrodes 
used under ordinary differential mode operation; 

FIG. 6A illustrates an exemplary model With extensive 
sense and control electrodes used under operation according 
to the present invention; 

FIG. 6B illustrates a second exemplary model With sense 
and control electrodes used under operation according to the 
present invention; 

FIG. 6C is a diagram of an exemplary control circuit for an 
embodiment of the invention; and 

FIG. 7 is a ?owchart of an exemplary method of operating 
a planar resonator according to the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

1. Overview 
In the folloWing description of the preferred embodiment, 

reference is made to the accompanying drawings Which form 
a part hereof, and in Which is shoWn by Way of illustration a 
speci?c embodiment in Which the invention may be practiced. 
It is to be understood that other embodiments may be utiliZed 
and structural changes may be made Without departing from 
the scope of the present invention. 
As previously described, embodiments of the present 

invention can be applied to a planar resonator supported on a 
central rigid stem and With substantially increased sensing 
capability by utiliZing a short solid cylindrical resonator or 
disc having a substantial useable internal resonator volume, 
alloWing the incorporation of signi?cantly more sensing for 
the measurement of desirable resonator internal motion. This 
use of a planar element, such as a disc, rather than a shell or 
ring results in substantial top and bottom surface areas and a 
large internal volume for mounting additional sensors. A disc 
provides the same favorable radial modes as a cylindrical 
shell. 
Embodiments of the present invention generally describe 

an isolated planar vibratory gyroscope. Generally, embodi 
ments of the invention employ embedded sensing and actua 
tion providing a planar micromachined silicon gyroscope 
having desirable axisymmetric resonator With single central 
nodal support, integral (and distributed) proof mass and ?ex 
ural suspension and extensive capacitive electrodes With large 
total area. Advantageously, the entire resonator, embedded 
electrodes and integral case Wall of the present invention can 
be fabricated from a single Wafer of silicon. 

Silicon ring resonators (e.g., US. Pat. No. 6,282,958) do 
not have large area internal capacitive sensors and actuators 
and require ?exible support beams. Other quartz hemispheri 
cal resonator gyroscopes are three dimensional so they cannot 
be micromachined and do not have embedded electrodes. 
Although post mass type resonator gyroscopes have high 
angular gain, large area sensing elements and hence superior 
noise performance to other designs, they do not have the 
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optimized resonator isolation properties of a single central 
nodal support and often employ a discretely assembled post 
proof mass. Further, integrally made, fully differential 
embedded electrodes as With the present invention, desirable 
for better thermal and vibration performance, are not possible 
With a discrete post proof mass resonator gyroscope or out of 
plane gyroscope. 

The principal problems With ring gyro scopes are the inher 
ently small sensor area around a thin ring and the ?exibility or 
interaction of the support beams. A three dimensional hemi 
spherical gyroscope has taller sides for large area capacitive 
sensing, but still requires assembly of a discrete circumfer 
ential electrode cylinder or cup for sensing and excitation. A 
tall cylinder With central support and circumferential elec 
trodes also faces this problem. A short solid cylinder or disc 
With a central support and pieZoelectric and/or electromag 
netic Wire sensors and actuators, mounted to the top orbottom 
surface of the disc solves the problem of non-embedded sen 
sors With small area. HoWever, a preferred embodiment of 
this invention is a multiply slotted disc resonator illustrated in 
exemplary embodiment described hereafter. 

2. Exemplary Planar Resonator Gyroscope 
FIG. 1A depicts a schematic top vieW of an isolated reso 

nator for the gyroscope or inertial sensor Which may be oper 
ated in accordance With an embodiment of the invention. The 
gyroscope comprises a unique planar resonator 100 Which is 
supported by a rigid central support 106 and designed for 
in-plane vibration. In the exemplary embodiment, the reso 
nator 100 comprises a disc that includes a number of slots, 
e.g. 116A-116D (generally referenced as 116) formed from 
concentric circumferential segments 104A-104E. The cir 
cumferential segments 104A-104E are supported by radial 
segments 102A-102E. The overall diameter of the resonator 
can be varied depending upon the performance requirements. 
For example, a 16 mm diameter resonator can provide rela 
tively high machining precision and loW noise. Further re?ne 
ment of the resonator can yield a resonator diameter of only 4 
mm at signi?cantly reduced cost. 

FIG. 1B depicts a schematic side vieW of an exemplary 
isolated resonator 100 of the present invention assembled into 
a baseplate 112. The central support 106 supports the reso 
nator 100 on the baseplate 112. At least some ofthe slots 116 
in the resonator 100 provide access for the embedded elec 
trodes 108A-108D Which are also supported on pillars 114 on 
the baseplate 112. The electrodes 108A-108D form capaci 
tive gaps 110A-110H (outboard gaps 110A, 110C, 110F and 
110H and inboard gaps 110B, 110D, 110E and 110G) With at 
least some of the circumferential segments 104A-104E of the 
resonator 100. These electrodes 108A-108D provide for 
radial excitation of the resonator 100 as Well as sensing 
motion of the resonator 100. To facilitate this each of the 
electrodes 108A-108D is divided into multiple separate ele 
ments to improve control and sensing of the resonator. For 
example, the annular electrode 108B as shoWn can be divided 
into tWo or more elements, at least one acting across the 
outboard gap 110C and at least one acting across the inboard 
gap 110D. Vibration is induced in the resonator by separately 
exciting the elements to produce a biased reaction on the 
resonator 100 at the electrode 108B location. 

In general, the excitation electrodes 108B, 108C are dis 
posed closer to the central support 106 (i.e., Within inner slots 
of the resonator 100) than the electrodes 108A, 108D (i.e. 
Within outer slots of the resonator 100) to improve sensing. 
HoWever, the arrangement and distribution of the excitation 
and sensing electrodes 108A-108D can be varied as desired. 
In further embodiments, additional electrodes can also be 
used to bias the resonator 100 providing electrostatic tuning 
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8 
or trimming of nonuniformity. Such biasing electrodes can 
also include multiple separate elements as the excitation and 
sensing electrodes. 
One or more additional electrodes 140, 142 may be dis 

posed adjacent to the planar resonator 100. Although the 
electrodes 140, 142 are shoWn as single elements above and 
beloW the planar resonator 100, each electrode may comprise 
multiple distinct elements Which may be independently con 
trolled. The upper electrode 140 may be disposed on the inner 
surface of a housing enclosing the resonator While the loWer 
electrode 142 may be disposed on the baseplate 112. The 
loWer electrode 142 is limited to the available area betWeen 
the embedded electrodes 108A-108D and the rigid central 
support 106. The additional electrodes 140, 142 may be used 
to enhance control of the planar resonator 100. These capaci 
tance electrodes 140, 142 may be used for axial or angular 
acceleration measurement as Well as active damping of the 
axial and rocking modes of the disc resonator gyroscope. 

Operation of the planar resonator 100, eg as part of a 
gyroscope, Will be described in the folloWing section. In 
general, the various electrodes (embedded in the resonator or 
adjacent to it) are used to drive vibration modes of the planar 
resonator as Well as sense reactions in those modes to move 

ment of the resonator With a control circuit 144 coupled to 
each electrode. The design of the control circuit 144 may be 
readily developed by those skilled in the art in accordance 
With the teaching herein. 

FIG. 1C illustrates a pattern 120 for an exemplary planar 
resonator 100 of the present invention. This pattern 120 
employs numerous concentric interleaved circumferential 
slots 122. Some of the slots, e.g. 122A-122E are Wider to 
accommodate multiple element electrodes. For example, tWo 
of the outer rings of Wider slots 122A, 122B are for the 
sensing electrodes and three of the inner rings of Wider slots 
are for the driving electrodes. The remaining slots 122 can 
serve to structurally tune the resonator 100 (e.g., loWer the 
frequency) and/or they may be occupied by bias electrodes 
Which are used to actively bias the resonator in operation. The 
resonator and modal axes 124 are indicated; operation of the 
resonator identi?es them as the pattern 120 is symmetric. 

Although the exemplary resonator 100 is shoWn as a disc, 
other planar geometries using internal sensing and actuation 
are also possible applying principles of the present invention. 
In addition, furthermore, the single central support 106 is 
desirable, providing complete isolation of the resonator, hoW 
ever, other mounting con?gurations using one or more addi 
tional mounting supports are also possible. 
As employed in the resonator 100 described above, a cen 

trally supported solid cylinder or disc has tWo degenerate 
in-plane radial modes suitable for Coriolis sensing, hoWever 
the frequencies are very high (greater than 100 KHZ) and the 
radial capacitance sensing area diminishes With cylinder 
height or disc thickness. HoWever, the multi-slotted disc reso 
nator 100, shoWn in FIGS. 1A and 1B overcomes these prob 
lems. By etching multiple annular slots through the cylinder 
or disc tWo immediate bene?ts result: tWo degenerate modes 
suitable for Coriolis sensing With loW frequency (less than 50 
KHZ) and large sense, bias and drive capacitance. The loW 
frequency derives from the increased radial compliance pro 
vided by the slots. The large sense, bias and drive capacitance 
is a consequence of the large number of slots that can be 
machined into the resonator. 

FIG. 1D illustrates conventional electrode operation for a 
?rst differential mode of the resonator of FIG. 1C. The elec 
trodes 136 that operate With a resonator 100 of the pattern 120 
are shoWn in the left image. Four groups of electrodes 124 are 
used, each at a 90° interval around the circumference of the 
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pattern. The negative excitation elements 126 and positive 
excitation elements 128, paired elements of the excitation 
electrodes, are driven to excite the resonator 100. These 
paired elements 126, 128 share a slot With the negative ele 
ments 126 in the outboard position and the positive elements 
128 in the inboard position. Note also that as shoWn some of 
the pairs share a common slot With other distinct electrode 
pairs, illustrating that multiple separately operable electrodes 
can share a common resonator slot. The sensing electrodes 
are disposed at a larger radial position and include negative 
sensing elements 130 and positive sensing elements 132 
Which together provide output regarding motion of the reso 
nator 100. 
A uniform radial spacing betWeen slots 116, 122 can be 

employed, but other spacing may also be used, provided tWo 
degenerate radial modes suitable for Coriolis sensing are 
maintained. In addition, in further embodiments, some or all 
of the segments 104A-104E can be further slotted such that a 
single beam segment is further divided into a composite seg 
ment including multiple parallel segments. Selective use of 
such composite segments can be used to adjust the frequency 
of the resonator as Well as eliminate harmful thermoelastic 
effects on drift performance as the segments are stressed in 
operation of the resonator. Generally, adding slots to form 
composite circumferential segments loWers the resonator fre 
quency. The effect of machining errors is also mitigated With 
multiple slots. Although such composite segments are pref 
erably applied to the circumferential segments 104A-104E, 
the technique can also be applied to the radial segments 
102A-102E or other designs With other segments in other 
resonator patterns. 

Employing the in-plane design described, embodiments of 
the present invention obtain many advantages over other out 
of-plane gyros. For example, the central support bond carries 
no vibratory loads, eliminating any friction possibility or 
anchor loss variability. In addition, simultaneous photolitho 
graphic machining of the resonator and electrodes is achieved 
via the slots. Furthermore, diametral electrode capacitances 
can be summed to eliminate vibration recti?cation and axial 
vibration does not change capacitance to a ?rst order. Modal 
symmetry is also largely determined by photolithographic 
symmetry not Wafer thickness as With other designs. Isolation 
and optimiZation of sense capacitance (e.g., from the outer 
slots) and drive capacitance (e.g., from the inner slots) is 
achieved. Embodiments of the invention also achieve a geo 
metric scalable design to smaller or larger diameters and 
thinner or thicker Wafers. In addition, embodiments of the 
invention can be entirely de?ned by slots of the same Width 
for machining uniformity and symmetry. Implementation of 
the present invention can also accommodate silicon anisot 
ropy producing frequency splits. For example, a <1 1 l> sili 
con Wafer and/or a varied slot Width can be used. 
As mentioned above, high thermoelastic damping due to 

vibration frequency proximity to thermal relaxation reso 
nance can result in short resonance decay times and high gyro 
drift. HoWever, the slot radial spacing can be adjusted to 
de?ne an optimum beam Width and a number of slots can be 
additionally etched in betWeen the slots de?ning the electrode 
gaps to further reduce the vibrating beam Width. 

3.0 Operation of a Planar Resonator Gyroscope 
Embodiments of the invention are directed to a neW tech 

nique for operating a planar resonator gyroscope to obtain 
improved performance. This technique may be illustrated by 
comparing the original technique for operating a planar reso 
nator gyroscope to that of the present invention. Embodi 
ments of the invention are described hereafter With respect to 
a disc resonator gyroscope. HoWever, embodiments of the 
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10 
invention are not limited to disc resonator gyroscopes. Those 
skilled in the art Will appreciate that embodiments of the 
invention are similarly applicable to the operation of gyro 
scopes based on other planar resonators applying the same 
principle. 

FIG. 2A illustrates the principle of operation and FIG. 2B 
illustrates the ?rst in-plane, differential, degenerate vibratory 
mode of an exemplary disc resonator gyroscope (such as 
described in FIGS. 1A-1C). The mode is elliptically-shaped 
and reactionless relative to the rigid central support of the disc 
resonator 202. This mode is excited at a ?xed vibration ampli 
tude and When an inertial rotation is applied as shoWn in FIG. 
2A, its precession is observed via the segmented capacitive 
electrodes embedded Within and adjacent to the intercon 
nected rings that comprise the disc resonator 202 structure. 
The amount of precession is a precise geometrically-de?ned 
fraction of the inertial rotation. In the example shoWn, the 
standing Wave vibration pattern is illustrated in a ?rst position 
200A before the case of the disc resonator 202 is rotated. As 
the case ?xed to the centrally supported disc resonator 202 is 
rotated ninety degrees as indicated, the precession shifts the 
standing Wave vibration pattern to the second position 200B 
(approximately thirty-six degrees clockWise in the example). 
The ?rst in-plane, differential, degenerate vibratory mode of 
an exemplary disc resonator model of FIG. 2B exhibits a 
Coriolis-coupled mechanical angular gain of approximately 
k:0.4. The adjacent electrode segments for sense and control 
are indicated on the model of the ring structure in FIG. 2B. 

Generally, vibratory gyroscopes actively control at least 
one vibratory Coriolis mode to vibrate at constant amplitude. 
A second, nearby output Coriolis mode may be either actively 
forced to Zero amplitude or alloWed to freely vibrate in order 
to sense the Coriolis force produced by the combination of the 
?rst mode vibration and an input inertial rate along an axis 
normal to the plane of vibration. A closed loop force to 
rebalance the amplitude to Zero or the open loop precession 
are indicative of the input inertial rate. 

There is an increasing demand for higher performance 
vibratory gyroscopes Which drives higher quality and/ or more 
lightly damped vibration to avoid a false Coriolis rate indica 
tion due to damping non-uniformity. A symmetric, centrally 
supported disc resonator gyroscope inherently provides high 
quality vibration modes, especially for mm-scale silicon 
resonators With isothermal ?exures, or cm-scale fused silica 
resonators With adiabatic ?exures. HoWever, the dif?culty 
With the current method of vibratory operation at higher 
mechanical quality is that the parasitic modes of vibration are 
also less damped and potentially strongly coupled to external 
vibrations or accelerations. 

FIGS. 3A & 3B illustrate the ?rst tWo in-plane degenerate 
vibration modes With center of mass motion. These are the 
common modes for the exemplary disc resonator and repre 
sent an exemplary parasitic mode pair. The principal modal 
axes are separated by approximately ninety degrees. Lateral 
accelerations of the case may directly excite these modes. 
These can be contrasted With the differential modes. 

FIGS. 4A & 4B illustrate the ?rst tWo in-plane degenerate 
vibration modes With no center of mass motion. These are the 
differential modes for the exemplary disc resonator and rep 
resent a degenerate mode pair. These modes are commonly 
controlled and sensed for vibratory gyroscope operation and 
cannot be excited by case acceleration. The principal modal 
axes are separated by approximately forty-?ve degrees. 

For high performance gyroscopes, lightly damped motion 
of parasitic modes may be detected by the primary Coriolis 
mode readout electronics and lead to increased rate noise and 
drift. For high performance vibratory gyroscopes it Would 
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thus be desirable to actively damp or control these parasitic 
modes. It can be shoWn that by further partitioning an exem 
plary disc resonator capacitive drive and sense electrodes so 
that there is a separable sense and control electrode at an 
anti-node of each parasitic mode (eg the modes of FIGS. 3A 
& 3B), the parasitic mode can be damped or controlled. 

FIG. 5 illustrates a model 500 With sense and control elec 
trodes used under a typical operation. The ?nite element 
analysis model 500 comprises 2440 nodes describing internal 
rings of an exemplary disc resonator With segments marked 
according to adjacent sense or drive electrodes. The eight 
capacitance sense electrode segments or sets shoWn in FIG. 5 
are Wired into four capacitance pairs, Slp, S111, S2p, S211, as 
used in the ordinary operation of a disc resonator gyroscope. 
In this case, each opposing sense pair of electrodes on oppo 
site sides of the central mounting point of the planar resonator 
are not differentiated; the electrode pairs are electrically 
coupled. Similarly the control electrode segments or sets are 
Wired into four capacitive pairs: Dlp, D111, D2p, D211. Here 
also, each opposing drive pair of electrodes on opposite sides 
of the central mounting point of a planar resonator are not 
differentiated. Note that the electrodes may be Wired through 
conductive patterns disposed on the baseplate supporting the 
disc resonator Which are connected to a control circuit (e.g., 
as shoWn schematically in FIG. 1B). Sense and drive elec 
trodes in the distinct regions of the resonator model are 
denoted by “*” or “+” and labeled Slp, S111, S2p, S211, Dlp, 
D111, D2p, or D211 in FIG. 

The disc resonator structure may be biased to a voltage 
VGB and four transimpedance capacitance sense buffers ref 
erenced to ground may be used to measure charge to yield 
output voltages VSlp, VS111, VS2p, VS211. For sense and 
control of the ?rst tWo in-plane differential modes With 
respect to identi?ed axes 1 and 2, parameters may be de?ned 
as folloWs. 

VSlIVSlp- V51” (1) 

VS2: VSZp- V52” (2) 

1191p:- VDlnIVDl (3) 

VDZpI- VDZnIVDZ (4) 

This Coriolis sensor interface is described in US. Pat. 6,467, 
346 by Challoner et al., issued Oct. 22, 2002 Which is incor 
porated by reference herein. In contrast, embodiments of the 
present invention sense and damp parasitic modes and may 
employ partitioning of the drive and sense electrode pairs and 
utiliZing a differential signal betWeen each pair to enhance 
control of the gyroscope and improve performance as 
described hereafter. 

FIG. 6A illustrates an exemplary model 600 With sense and 
control electrodes used under operation according to the 
present invention. The ?nite element analysis model 600 
comprises 2056 nodes describing internal rings of an exem 
plary disc resonator With segments marked according to adja 
cent sense or drive electrodes. Here, the electrode pairs are 
partitioned into “a” and “b” elements Which are electrically 
distinguished. For sense and control to actively damp the ?rst 
tWo in-plane common modes, the mask Wiring may be altered 
over that of FIG. 5 so that distinct access to all eight capacitive 
sense electrodes (four opposing electrode pairs), Slpa, Slpb, 
S111a, S111b, S2pa, S2pb, S211a, S211b, is retained. Similarly, 
distinct access to the drive electrodes Dlpa, Dlpb, Dlpa, 
D111b, D2pa, D2pb, D211a, D211!) is also retained. 

The disc resonator structure may be biased to a voltage 
VGB and eight transimpedance capacitance sense buffers 
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12 
referenced to ground may be used to measure charge to yield 
output voltages VSlpa, VSlpb, VS111a, VS111b, VS2pa, 
VS2pb, VS211a, and VS211b. UtiliZing the eight transimped 
ance capacitance sense buffers (also referred to as transim 
pedance ampli?ers) the folloWing differential signals 
betWeen the electrode pairs may be de?ned. An interface 
similar to that described in US. Pat. No 6,467,346 may be 
employed in one example. 

VDlpaI- VDlpbIVDZpaI-VDZpbIVDl' (1) 

VDZna :- VDlnbIVDZnaI-VDZnbI VD2’ (8) 

providing full common mode observability and control While 
full differential mode observability and control may be main 
tained by de?ning the folloWing signals 

VDlpaIVDlpbI-VDlnaI-VDlnbIVDl (11) 

VDZpa I VDZpb :- VDZna :- VDZnb I VD2 (12) 

Active damping may be implemented With anti-node sense 
and control capacitance signal pairs, VS1', VD1' and VS2', 
VD2‘ providing damping each of the parasitic in-plane com 
mon modes. The active damping may be simply applied With 
analog operational ampli?er or digital feedback using the 
folloWing exemplary control laW. 

VD2’:—K*VD2' (14) 

Feedback gain may be selected to de?ne the damping time 
constant. The transimpedance ampli?er signals are propor 
tional to modal velocity so this simple proportional capacitive 
force feedback is suf?cient. 

Other capacitive motion sensors may be employed such as 
a high impedance voltage folloWer or bootstrap buffer in 
place of the transimpedance ampli?er. A narroW bandpass 
?lter centered on the parasitic mode frequency may also be 
employed in series With the feedback gain, K to prevent any 
disturbance at the differential mode sensing frequency due to 
slight mismatch in the differential electrodes used to provide 
parasitic common mode damping. 

Capacitance electrodes adjacent to the planar resonator, 
e.g., above and/or beloW the interconnected rings of the disc 
resonator gyroscope, may also be used for active damping of 
the axial and rocking modes of the disc resonator gyroscope. 

FIG. 6B illustrates a second exemplary model 620 With 
sense and control electrodes used under operation according 
to the present invention. In this case, the multiple intercon 
nected rings of an exemplary 8 mm diameter disc resonator 
are depicted in the model 620. The various embedded elec 
trodes are not shoWn for clarity, but rather the resulting sense 
and drive electrode capacitances are designated for each 
octant and described hereafter. 

Typical segmented electrodes of the DRG are as depicted 
in FIG. 1D and the multiple interconnected rings of the reso 
nator disc are as depicted in FIG. 1C. Sense and drive elec 
trodes for each octant are embedded in the circumferential 
slots and each electrode is further split into an inboard and an 
outboard segment (as previously describe in FIG. 1D). The 








